The brain's control of movement is thought to involve coordinated activity between cerebellar Purkinje cells. The results reported here demonstrate that somatic Ca 2+ imaging is a faithful reporter of Na + -dependent "simple spike" pauses and enables us to optically record changes in firing rates in populations of Purkinje cells. This simultaneous calcium imaging of populations of Purkinje cells reveals a striking spatial organization of pauses in Purkinje cell activity between neighboring cells. The source of this organization is shown to be the presynaptic GABAergic network and blocking GABA A Rs abolishes the synchrony. These data suggest that presynaptic interneurons synchronize (in)activity between neighboring Purkinje cells and thereby maximize their effect on downstream targets in the deep cerebellar nuclei.
Introduction
In vivo measurements from the molecular layer of the cerebellar cortex show that active parallel fibers directly excite Purkinje cells and, via inhibition from molecular layer interneurons (MLIs), pause spiking in Purkinje cells lateral to active parallel fibers (Andersen et al. 1964; Cohen and Yarom 2000; Dizon and Khodakhah 2011) . This dual action of parallel fibers likely explains why sensory stimulation produces both positive and negative correlations between in vivo recordings of activity in Purkinje cells and their targets in the deep cerebellar nuclei (DCN) (Person and Raman 2012b) . Lateral inhibition could also explain the spontaneous pauses in Purkinje cell spiking, lasting longer than several hundred milliseconds, that are routinely recorded in vivo under a variety of different recording conditions in several different species (Bell and Grimm 1969; Crepel 1972; Loewenstein et al. 2005; Schonewille et al. 2006; Bosman et al. 2010; Kitamura and Häusser 2011) .
Coordinated activity in Purkinje cells has been shown to have a large impact on the output of the DCN in vivo (Person and Raman 2012a; Chaumont et al. 2013 ). Using electrophysiological techniques, several groups have recorded highly correlated individual action potentials in Purkinje cells from a variety of species in vivo (Bell and Grimm 1969; Ebner and Bloedel 1981; de Solages et al. 2008; Person and Raman 2012b) , but resolving this coordination has been limited by electrophysiology techniques and therefore the spatial organization of coordinated pauses have not been described previously. Moreover, despite somatic expression of voltage gated Ca 2+ channels in Purkinje cells (Callewaert et al. 1996) , monitoring individual action potentials with Ca 2+ imaging has previously proven difficult Miyakawa et al. 1992) . However, Purkinje cells fire trains of action potentials and it has been suggested that it may be possible to detect the transitions between periods of spiking and silence Miyakawa et al. 1992 ) and that those transitions could potentially be used to monitor pauses in Purkinje cell spiking as previously shown possible in other smaller neurons (Franconville et al. 2011) .
Several groups have recently shown that when pauses in simple spike activity are imposed on populations of Purkinje cells in vivo, they can produce robust motor output (Lee et al. 2015; Heiney et al. 2014 ). In addition, there is evidence that pauses in Purkinje cell spiking are involved in cerebellar dependent learning paradigms (Lee et al. 2015; Jirenhed et al. 2007; Jirenhed and Hesslow 2011; Johansson et al. 2015; Johansson et al. 2014) . Therefore, the ability to monitor these pauses in populations of Purkinje cells could open new possibilities for understanding their role in cerebellar processing.
Results
We recorded from Purkinje cells in cerebellar slices using the whole-cell patch clamp technique and loaded the cells for ≈ 20 minutes with 50-100 µM Oregon Green BAPTA-1 (OGB1) in the recording pipette. After retracting the whole-cell electrode we lowered another electrode onto the cell and performed loose cell-attached recordings of the spontaneous action potentials while simultaneously imaging fluorescence with a CCD camera (Materials and Methods). Small, spontaneous changes in fluorescence (4.3 ± 0.9% ∆F/F 0 from peak to peak; n = 12 cells), were observed over several minutes and pauses in Purkinje cell activity, recorded with the cell-attached electrode, coincided with sharp decays in fluorescence ( Fig. 1 ). We found that the pauses in spiking could be readily detected off-line using only the fluorescence signal by plotting the second time derivative of the calcium signals and using a simple threshold ( Fig. 1B, C) . As shown in figure 1, these threshold crossings can be plotted versus time to construct an idealized binary diagram that reports when the Purkinje cell is firing (shaded regions in figure 1 C) or has paused its firing (unshaded regions in figure 1 C) and they appeared to correspond remarkably well to the electrophysiological records of the simple-spike activity.
Given that the somatic calcium appeared to correlate extremely well to the pauses in A Purkinje cell preloaded with 100 µM OGB1. Image scaled to brightest and dimmest pixels (brightest = 2200 counts; max counts = 14 bits). B Raster plot of spontaneous activity from a cellattached electrode on the same cell shown in A with corresponding smoothed (binomial smoothing, ten operations) calcium signal (green), its second derivative (black), and the activity diagram (gray) constructed from threshold (dashed lines) crossings. C A longer timescale of the same data shown in B. The cell was firing with a median firing frequency of 20.3 Hz and the inset calls out section of the recording with an inter-spike interval of 151 ms (≈ 3 missing APs). Scale bars of inset indicate 0.3% ∆F/F0 and 100 ms. D Schematic of an idealized calcium response with a single exponential decay on the left and the addition of seven such responses at the times indicated by the points in the raster plot below in black. E Green trace shows a portion of the data from the calcium recording depicted in the first sweep of panel C and the corresponding raster plot of the action potentials recorded from the cell in cell-attached mode in black below. Blue trace shows the sum of a single exponential with a tau of 4.9 s and an amplitude of 0.06% for each of the action potentials in the raster plot.
! " A Average raw fluorescence recorded from the soma of a Purkinje cell (green) and a raster plot of the corresponding action potentials recorded in cell-attached mode (black). Dashed line is a linear fit to the average fluorescence recorded from the soma during the ten frames just prior to the end of the pause in spiking. Scale bar = 10 counts and 1 sec. B Same data from A converted to ∆F/F0 using the dashed line in A as F0. Dashed red line is a linear fit to the data recorded in the 500 msec following the pause. C Data from seven cells (indicated by different colors; red points are from the cell shown in A and B) in which the change in ∆F/F0 during the 500 msec following a pause (slope of dashed red line in B) is plotted against the average firing rate ( 1 / average inter-spike interval) of action potentials recorded in cell-attached mode over the same period. simple spike activity, we attempted to determine whether the calcium signal could also be used to monitor spiking rate during the active periods. To do this we recreated the calcium signal using only the timing of the action potentials recorded in cell-attached mode. We used a kernel with an instantaneous rise and single exponential decay ( Fig. 1D , left) and convolved it with the spike train that was recorded in the cell-attached recordings ( Fig. 1D, right) . We then used a least squares fitting routine to adjust the asymptote, decay time constant, and amplitude of the kernel calcium response until we found the best fit to the raw calcium recording as can be seen in Fig. 1E . The convolution of the kernel calcium transient with the simultaneously recorded action potentials resulted in remarkably accurate fits of the raw calcium responses and allowed us to estimate the average calcium response of each cell to a single simple spike. This analysis reported a mean simple-spike induced ∆F/F 0 of 0.1 ± 0.03 % with a mean decay time of 7.2 ± 2.1 s (n = 6 cells).
The calcium transients produced by single action potentials were surprisingly similar between cells and encouraged us to further investigate whether calcium recordings alone could be used to determine changes in simple spike firing rate in Purkinje cells. To do this we focused on a simple change in firing rate and analyzed all transitions from silent to spiking periods in 7 cells. The ∆F/F 0 of the calcium recordings for these transitions was calculated by fitting a line to the last ten points before the transition ( Fig. 2A ) and then subtracting that line from the fluorescence trace (Fig. 2B ). The slope of the ∆F/F 0 after the transition was plotted against the average firing rate recorded with the cell-attached electrode for each transition for all 7 cells. As can be seen in Fig. 2C , the firing rate recorded in the cell-attached electrode correlated strongly with change in fluorescence recorded by the calcium imaging. Remarkably, this correlation was obvious both for individual cells as well as between cells, indicating that somatic calcium alone is an excellent reporter of simple-spike firing rate changes. Furthermore these data indicate that individual simple-spikes trigger similar magnitudes of Ca 2+ entry into the soma of different Purkinje cells.
A potential problem with using somatic calcium as a reporter of simple spike activity in Purkinje cells is that these cells also receive a climbing fiber input that produces large calcium transients. We therefore measured the relative effect of simple vs complex spikes on somatic calcium. In Fig. 3B we show simultaneous calcium and cell-attached measurements recorded while we stimulate a climbing fiber input onto a Purkinje cell. As can be seen in the individual sweeps shown in Fig. 3B , and consistent with previous reports (Eilers et al. 1995; Lev-Ram et al. 1992; Kano et al. 1992; Tank et al. 1988) , the climbing fiber activation produces a large change in fluorescence in the Purkinje cell dendrites and a much smaller signal in the soma (∆F/F 0 36.2 ± 5.4% in dendrites and 1.9 ± 0.2 % in soma; n = 12 cells). This effect can be seen more clearly in the right panel of Fig. 3C , which depicts the average peak response of a single Purkinje cell to 15 climbing fiber stimuli (one every 20 seconds). In this image, it is clear that the large climbing fiber response recorded in the dendrites is not recorded in the soma. By contrast the same analysis of the simple spike calcium response ( Fig. 3C left) shows a large response in the soma that is much smaller in the dendrites. Therefore, as shown in (Fig. 3D ), climbing fiber calcium responses can be easily distinguished from calcium responses induced by trains of simple-spike activity based on the ratio of dendritic to somatic fluorescence.
Since somatic calcium was determined to be an excellent reporter of simple spike activity, we used it to monitor correlations in activity between multiple Purkinje cells simultaneously ( Fig. 5A ). Correlations between two cells could be measured by comparing the average Pearson's correlation indexes from cross-correlations performed on simultaneous Ca 2+ recordings to the cross-correlations performed on Ca 2+ recordings from the same cells at different times (see Materials and Methods and Fig. 4 ). By performing this analysis on the second time derivative of the calcium recordings (shown above to be an indicator of transitions into and out of pauses in Purkinje cell spiking; Fig. 1B and C) , correlations among transitions were revealed between neighboring cells in sagittal planes of either transverse or sagittal slices (P < 0.05 for all pairs; n = 10). Interestingly, we didn't record correlations in pairs of cells that were in different sagittal planes of the same transverse slices (P > 0.05 in 5 of 5 pairs). To determine the spatial extent of correlated Purkinje cell pauses in the sagittal plane, correlations were also performed It has been shown previously that MLIs play a large role in controlling the timing of Purkinje cell simple spikes (Häusser and Clark 1997) , and that individual MLIs can transition Purkinje cells in and out of spiking periods (Oldfield et al. 2010) . We found that blocking GABA A Rs with gabazine (5 µM) caused a large reduction in the frequency of spontaneous transitions into and out of pauses recorded either with Ca 2+ imaging (0.34 ± 0.06 Hz in control and 0.20 ± 0.05 Hz in gabazine; n = 12; P = 0.001, Paired Student's t-test) or with loose cell-attached electrodes (0.51 ± 0.05 Hz in control and 0.15 ± 0.04 Hz in gabazine, n = 4; P = 0.004, Paired Student's t-test; Fig. 5D ). The frequency of transitions was similar for loose cell-attached and calcium recordings in both control conditions (0.34 ± 0.06 Hz for cell-attached vs 0.51 ± 0.05 Hz for imaging; P = 0.06; Student's t-test) and in gabazine (0.20 ± 0.05 vs 0.15 ± 0.04; P = 0.37, Student's t-test), indicating that calcium imaging does not affect the frequency of transitions. Since this indicates that GABA A R activation influences Purkinje cell pausing and it is known that GABAergic synapses are temperature sensitive, we tested whether elevated temperatures affect Purkinje cell pausing and found no difference in frequency when recordings were made at room temperature versus elevated temperature (P = 0.49; n = 5 cells recorded at 34 • C and 14 at room temperature). Consistent with previous results (Häusser and Clark 1997) when we examined the instantaneous firing rate in cells recorded with cell-attached electrodes (calculated using the inverse of the inter-spike intervals recorded over several minutes), we found that the mean firing rate was increased by gabazine ( Fig. 5C; 13 .2 ± 1.5 spikes / sec in control vs 14.6 ± 2.0 spikes / second in gabazine; P = 0.04; paired Student's t-test; n = 18 cells), but since the mean spike rate is influenced by the number and length of pauses in spiking and we show that gabazine decreases the frequency of pauses, this results is perhaps not surprising. However, since action potentials always greatly outnumber pauses in firing by at least one order of magnitude ( Fig. 5C and D) , the median spike rate is only subtly affected by pauses and therefore more accurately reflects the spike rate during spiking periods. Surprisingly, we found that gabazine slightly decreased the median firing rate ( Fig. 5C ; 18.6 ± 2.1 spikes / sec in control vs 16.5 ± 1.9 spikes / second in gabazine; P = 0.001; paired Student's t-test; n = 18 cells) indicating that tonic activation of GABA A Rs acts to increase the firing rate of Purkinje cells. By performing a series of experiments in which the frequency of transitions in a given Purkinje cell was measured with a loose cell-attached electrode before breaking into the cell and recording the frequency of spontaneous IPSCs, we found that overall activity of the presynaptic GABAergic network plays a major role in controlling Purkinje cell pausing because the number of transitions was directly proportional to the frequency of spontaneous IPSCs (Fig. 5E ; r-value 0.87; n = 9 cells). Altogether these data suggest that GABA released by interneurons can pause Purkinje cell spiking and that MLIs To determine whether there was a correlation between two cells, a Student's t-test was performed between the resulting populations of simultaneous and shuffled correlation coefficients and a significant difference was interpreted as a significant correlation. are participating in controlling the correlations in pauses. Therefore, to directly test the involvement of MLIs in correlating Purkinje cell pausing, we washed gabazine onto pairs of Purkinje cells simultaneously recorded in the loose cell-attached configuration (Fig. 5F ) and found that correlations in Purkinje cell pauses were always abolished by the GABA A R blocker gabazine ( Fig. 5F ; P < 0.05 in control and P > 0.05 after gabazine for all pairs; n = 7; see Materials and Methods).
Discussion
The results presented here demonstrate that Ca 2+ -imaging can be used to monitor simple spike activity in Purkinje cells and opens new options to explore the morphological organization of Purkinje cell (in)activity in vivo. The technique also reveals that simple spikes in Purkinje cells produce a surprisingly consistent rise in somatic calcium concentration (even between Purkinje cells) and therefore the technique can be used to examine pauses in Purkinje cell simple spike trains as well as changes in firing rate as shown in figure 2C .
Using this technique in slices of the cerebellar cortex we reveal a coordination of Purkinje cell pauses that appears to be structured by the presynaptic GABAergic network to be perpendicular to the parallel fiber axis. Pauses in Purkinje cell simple-spiking have been recorded before both in the slice and in vivo (Bell and Grimm 1969; Crepel 1972; Loewenstein et al. 2005; Schonewille et al. 2006; Yartsev et al. 2009; Bosman et al. 2010; Oldfield et al. 2010; Kitamura and Häusser 2011) but coordination between pauses in spontaneous simple spikes of Purkinje cells has not been previously reported. The output neurons in the DCN respond strongly to coordinated inactivity of Purkinje cells (Aizenman and Linden 1999; Heiney et al. 2014; Person and Raman 2012a) and therefore, unlike coordinated small variabilities in Purkinje cell spiking (De Schutter and Steuber 2009), the coordination of several missing action potentials in Purkinje cells that we report here is likely to have a large impact on the output of information from the cerebellum.
It has been shown previously in the rodent that the convergence of Purkinje cells onto the DCN varies between 20 -50 Purkinje cells per DCN cell (Person and Raman 2012a) , and although the magnitude of the resulting inhibition is modulated by the exact timing of individual simple spikes of Purkinje cells, it is clear that regardless of the timing of their spikes the net effect of Purkinje cells is to produce constant inhibition of the spontaneous activity of the DCN (Person and Raman 2012a). Therefore pauses in Purkinje cell activity coordinated between sets of Purkinje cells synapsing onto the same DCN cell would produce a strong signal at that level. It is shown here that sets of Purkinje cells located in the same sagittal plane show coordinated pauses in activity and is consistent with previous reports suggesting that Purkinje cell terminals originating from Purkinje cells located in the same sagittal planes likely synapse onto many of the same cells in the DCN (Sugihara et al. 2009 ). A Three Purkinje cell soma in roughly the same sagittal plane of a transverse slice (Purkinje cell dendrites descending into the plane of the slice) individually preloaded with 100 µM OGB-1 for 5 min each. Lower panel plots ∆F/F0 from the ROIs drawn on the upper image. B Percentage of pairs of cells recorded in cell-attached mode that show significant synchrony in transitions into and out of pauses (lasting longer than 3 times their median firing frequency) as a function of distance between somas. The number of pairs recorded at each distance is indicated above each bar. C Firing rate (median and mean) recorded with cell-attached electrodes in control conditions and after washing 5 µM gabazine into the bath. As in D, boxes represent recordings made at 34 • C and circles represent recordings made at room temperature; open symbols represent the averages for each condition. D Rate of transitions to and from pauses in control conditions and in the presence of 5 µM gabazine. Gabazine significantly reduced the frequency of transitions (P = 0.0001). Electrophysiology data shown in black and imaging data shown in green were not significantly different in control conditions nor in the presence of gabazine (P >0.05). E Transitions to and from pauses lasting longer than 3 times the median inter-spike interval recorded in loose cell-attached recordings plotted versus spontaneous IPSC frequency recorded in subsequent whole-cell recordings from the same cells (n = 9 cells). F Raster plot of action potentials detected in two Purkinje cells (each cell in different shades of gray) with loose cell-attached recordings from two neighboring Purkinje cells (represented in different shades of gray. The upper panel illustrates an expanded section of the lower raster (shown in red dash) and demonstrates how simultaneous transitions between pauses were detected: one median inter-spike interval is indicated with a dashed line in blue or red at the beginning and end of a pause (any inter-spike interval >3 times the median) that indicate a simultaneous transition when overlapping (purple bars). Gabazine is washed into the recording chamber where indicated and clearly decreases the frequency of simultaneous transitions.
Materials and Methods

Slice Preparation
Twelve-to sixteen-day old Sprague-Dawley rats were anesthetized with isoflurane and decapitated before the cerebellum was removed. Sagittal or transverse slices of the vermis, 200 µm thick, were cut using a Leica VT 1000S vibratome (Nussloch) in ice-cold artificial cerebrospinal fluid (ACSF) bubbled with 95% oxygen and 5% carbon dioxide. ACSF contained the following (in mM): 130 NaCl, 2.4 KCl, 1.3 NaH 2 PO 4 , 1 MgCl 2 , 2 CaCl 2 , 10 glucose, 26 NaHCO 3 and 1-3 kynurenic acid. Slices were incubated for 1 h at 34 • C in ACSF (without the kynurenic acid) and then kept at room temperature until transferred to the electrophysiological recording chamber.
Electrophysiological Recordings
The recording chamber was continuously perfused at a rate of 1-2 mL/min with the same ACSF (and in the presence of 10 µM gabazine when indicated below). Recordings were made at room temperature. The Purkinje cell layer and the molecular layer of the cerebellar cortex were visualized using an Axioskop microscope (Zeiss) equipped with a 63X/0.9 water immersion objective. Signals were recorded with an EPC-10 amplifier (HEKA Elektronik) with Patchmaster software v2.32. All cell-attached recordings were made in voltage clamp mode with ACSF in the pipette and 0 mV holding potential. Internal solution was prepared form a stock solution containing (in mM) 165 K-gluconate, 2.4 MgCl 2 , 10 HEPES, 1 EGTA, 0.1 CaCl 2 , 2 Na 2 -ATP, 0.4 Na-GTP pH to 7.4 with KOH, 327 mOsm/KgH 2 O and 50 -100 µM OGB1 was added (diluting the solution by 10%). For whole-cell recordings in which imaging was not performed this solution was diluted by 10% with distilled water. Borosilicate glass pipettes were pulled using a HEKA Elektronik pipette puller and had an open tip resistance of ∼3 MΩ for cell-attached and whole-cell recordings.
Ca 2+ Imaging
Purkinje cells were loaded with 50 -100 µM OGB1 hexapotassium salt added to the pipette solution for ∼20 minutes with a whole-cell recording on the soma in voltage clamp mode before pipettes were retracted to form an outside-out patch. The formation of an outside-out patch on the pipette indicated that the membrane resealed on the pipette and therefor also on the soma, thereby trapping the indicator in the cell. Cells were illuminated with a 470 nm LED controlled with a Cairn Optoled system (Cairn Research Ltd). Light from the LED was sent down the epifluorescence pathway and reflected off of a T495LP dichroic mirror (Chroma Technology Corp, USA) onto the preparation. Fluorescence light passed through the dichroic mirror and was filtered with an emission filter (ET525/50M; Chroma Technology Corp, USA) and detected with an ANDOR iXON CCD camera (model 887) at a frame-rate of 31.5 Hz with 30 ms exposures. Changes in average fluorescence were analyzed off-line in Igor Pro (Wavemetrics) with ROIs hand-drawn around the soma using custom functions. ∆F/F 0 for pauses in simple spiking were calculated by fitting a single exponential to the decay at the beginning of pauses and the asymptote of the fitted exponential was used as F 0 .
Correlation analysis of imaging data 20 second long acquisitions were analyzed for each correlation. Average fluorescence within a region of interest (ROI) drawn surrounding each soma was computed individually for each ROI in each frame. The average fluorescence from each ROI was plotted vs time and smoothed using a binomial smoothing (10 -50 operations depending on noise in the signal; see the "smooth" function in Igor Pro version 6.1). The first and second derivatives were computed for the smoothed data. The first derivative reports the activity state of the cell (whether or not it is firing action potentials) whereas the second derivative reports the changes in Purkinje cell activity between active and silent states. Pearson's correlation coefficients from cross-correlations were computed (using the builtin "statscorrleation" function in Igor Pro version 6.1) between the second derivatives of calcium recordings collected simultaneously from different cells ( Fig. 4A ) and resulted in simultaneous coefficients for each series (y = x and blue dots in Fig. 4B ). Pearson's correlation coefficients were also computed between each sweep and those from the other cell that were not recorded simultaneously, resulting in shuffled correlations (y = x pink dots in Fig. 4A ). A student's t-test was then performed between the simultaneous coefficients and the shuffled coefficients to determine significance of any correlation between two simultaneously recorded cells.
Correlation analysis of electrophysiology data
Raster plots were created by detecting threshold crossings using Neuromatic in Igor Pro. Inter-spike intervals (ISIs) were calculated by differentiating the spike timings of the rasters. We considered the median as the parameter which best reflected the central tendency of the ISI distributions and used it to describe the most regular spiking behavior of the cells. Then, we defined pauses as quiescent times which lasted more than 3 times the median (in other words, missing at least two regular action potentials), in order to avoid detecting irregular spiking patterns caused by jittered or misfired spikes. Windows of one median ISI were then attached to the beginning and end of pauses in individual recordings ( Fig. 5F upper inset) and when these windows overlapped in simultaneous recordings they were considered to be synchrounous transitions (purple in Fig. 5F ). We then randomly reordered the trains of recorded ISIs 500 times for each recording and performed the same analysis to find the simultaneous transitions when the ISIs occurred randomly. This randomization process produced a normal distribution of overlapping transitions to which we compared the number of simultaneous transitions that were recorded in the experiments. This permutation test allowed us to evaluate whether the coordinated pauses in Purkinje cell spiking were significantly different than random coincidences by performing a a one-sided Z-score test (α = 0.001).
